INTRODUCTION
============

Two-dimensional (2D) transition metal dichalcogenides (TMDCs) have demonstrated immense potential for optoelectronics and sub--10-nm transistors ([@R1]--[@R3]). TMDCs have natural out-of-plane self-terminating surfaces without dangling bonds, although defects exist ([@R4]). Furthermore, near-unity photoluminescence quantum yield (PL QY) has been demonstrated in mechanically exfoliated sulfur-based TMDCs, namely, MoS~2~ and WS~2~, by using bis(trifluoromethane) sulfonamide (TFSI) treatment ([@R5], [@R6]). The achievement of high PL QY indicates that the TMDC monolayers are well suited for high-performance optoelectronics at the atomically thin limit.

Large-area growth of high-quality TMDC monolayers is essential to translate their unique properties into practical devices. In this regard, various growth techniques have been reported in the literature, including sulfurization/selenization of oxide films ([@R7], [@R8]), chemical vapor deposition (CVD) ([@R9]--[@R11]), and metal organic CVD ([@R12]). This research has now progressed to the growth of wafer-scale monolayer films ([@R13]). Furthermore, direct synthesis of vertical and lateral heterostructures ([@R14], [@R15]), spatially controlled synthesis of full atomically thin circuitry ([@R16]), and strain-engineered growth of 2D materials ([@R17]) have been demonstrated. However, the grown monolayers exhibit inferior optoelectronic performance compared with micromechanically exfoliated materials. Specifically, the PL QY of the grown films is often lower than their mechanically exfoliated counterparts ([@R18]--[@R22]). This presents a major challenge for the realization of high-performance TMDC optoelectronics, where PL QY is the key figure of merit for determining the eventual device characteristics ([@R23], [@R24]).

In this work, we report CVD growth of tungsten diselenide (WSe~2~) monolayers with PL QY of 60% at low injection levels, which is the highest reported to date for WSe~2~ and an order of magnitude higher than what is obtained from exfoliated films ([@R6], [@R17]). Moreover, the samples exhibit a PL QY of 12% at high injection levels. This high-pump PL QY is 20 times higher than the previously reported values for any TMDC monolayer, including TFSI-treated MoS~2~ ([@R5], [@R24]--[@R26]). Detailed optical characterizations of the grown WSe~2~ monolayers are performed, and we find that the strong coupling to the substrate of as-grown monolayers inhibits probing the intrinsic properties. Using a solvent evaporation--mediated decoupling (SEMD) process, we demonstrate reduced nonradiative recombination and higher PL QY in the grown monolayers by decoupling from the substrate. In parallel, we find that halide-based growth promoters play a substantial role in synthesizing optimal material quality.

RESULTS AND DISCUSSION
======================

WSe~2~ monolayers grown via CVD have strong interactions with the substrate. We and others have used this effect for controlled strain engineering of the grown monolayers based on the thermal coefficient of expansion mismatch between the substrate and the monolayer ([@R27], [@R28]). The substrate coupling and the strain can be released by using poly(methyl methacrylate)--mediated transfer of the monolayer onto a secondary substrate. However, this process often requires harsh environments, i.e., hydrofluoric acid, potassium hydroxide, or the use of sonication to detach the monolayer from the substrate. Complete removal of the polymer used for transfer is also challenging and often requires subsequent thermal annealing of the sample.

As a less damaging alternative, we developed the SEMD process to decouple grown monolayers from the substrate ([Fig. 1A](#F1){ref-type="fig"}). The process is very simple and begins by placing a droplet of solvent with high vapor pressure (e.g., acetone) on an as-grown WSe~2~ monolayer.

![Synthetic WSe~2~ monolayer with high PL QY after SEMD.\
(**A**) Schematic of the SEMD process. An as-grown WSe~2~ monolayer is immersed in a droplet of solvent. During the solvent evaporation, the substrate decoupling process of the WSe~2~ monolayer is accomplished with the enhanced PL QY. (**B**) PL spectra measured at the center of an as-grown WSe~2~ monolayer with an excitation power of 15 W cm^−2^ before and after the SEMD process; inset shows normalized spectra. (**C** to **G**) In situ PL imaging of the SEMD process in a WSe~2~ monolayer. Scale bars, 30 μm (for all PL images). Note that the images were taken using a 1.65-eV bandpass filter that blocks the emission from the as-grown monolayer and plotted on a logarithmic scale. PL intensity profile across the WSe~2~ monolayer is presented in the bottom plots. PL images at additional timestamps are shown in fig. S1. a.u., arbitrary units. (**H**) Overlay of diffraction spots for as-grown and substrate-decoupled samples; 1.54 ± 0.05% tensile strain in the as-grown sample is released after the SEMD process. Scale bar, 5 nm^−1^. Original diffraction patterns of the samples are shown in fig. S5. (**I**) Schematic describing the factors influencing the SEMD process of the WSe~2~ monolayer.](aau4728-F1){#F1}

As the solvent evaporates, the surface tension pulls on the grown material and decouples the material from the substrate. A balance of forces allows the process to decouple the monolayer, as described later in the manuscript.

The effect of SEMD was characterized by PL spectroscopy. We find that the emission peak blue shifts by \~80 meV from 1.57 eV for the as-grown sample to 1.65 eV after SEMD ([Fig. 1B](#F1){ref-type="fig"}). The post-SEMD emission peak position closely matches that of unstrained CVD WSe~2~ monolayers and that of micromechanically exfoliated samples ([@R20], [@R29]), indicating the full release of the built-in strain and, thus, complete decoupling of the synthetic monolayer from the substrate. Critically, the substrate-decoupled WSe~2~ monolayers exhibit more than an order of magnitude brighter PL emission intensity compared with substrate-coupled as-grown monolayers before SEMD. To further investigate the SEMD mechanism, we performed in situ PL imaging as the solvent evaporates ([Fig. 1](#F1){ref-type="fig"}, C to G, and fig. S1). Imaging was performed using a bandpass filter centered at 1.65 eV, which blocks the emission of the substrate-coupled as-grown sample under biaxial tensile strain. Before and immediately after dispensing of the solvent, we observed no strong emission, as can be seen in [Fig. 1](#F1){ref-type="fig"} (C and D). In addition, in situ PL spectra measurement in acetone baths (fig. S2) shows no change in PL intensity or spectra unlike the changes observed in [Fig. 1B](#F1){ref-type="fig"}. This suggests that the presence of the solvent by itself does not influence the built-in substrate coupling in as-grown samples. However, at the onset of solvent evaporation from the monolayer, we start to observe strong emission at 1.65 eV at the edge of the crystal ([Fig. 1E](#F1){ref-type="fig"}). Once the solvent is fully evaporated ([Fig. 1F](#F1){ref-type="fig"}), the emission becomes uniform over the full sample domain ([Fig. 1G](#F1){ref-type="fig"}). As plotted in [Fig. 1](#F1){ref-type="fig"} (C to G) and fig. S1, the PL intensity profile across the WSe~2~ monolayer shows that the PL intensity at 1.65 eV starts to increase from the edge and becomes uniformly enhanced over the SEMD process. This indicates that the substrate decoupling is mediated by the solvent evaporation and is initiated from the edges of the monolayer. Subsequently, the emission remains stable over time. It is worth noting that the SEMD process is also applicable to other growth substrates, including sapphire (fig. S3). For this work, we primarily focused on using acetone as the solvent, given its high vapor pressure and minimal effects to the grown material quality ([@R30]). Other solvents with varying vapor pressures were also investigated and show similar decoupling results (fig. S4).

We used transmission electron microscopy (TEM) electron diffraction to directly measure the lattice constant of the grown WSe~2~ before and after SEMD to verify the release of biaxial tensile strain of the as-grown films. WSe~2~ monolayers were prepared via direct growth on SiO~2~ membranes, and the SEMD process was performed on these samples. [Figure 1H](#F1){ref-type="fig"} shows the overlay of diffraction spots for the as-grown and substrate-decoupled WSe~2~ monolayers. We calculated the diffraction spots as the center of mass of individual diffraction spots from the measurements shown in fig. S5. All the electron diffraction measurements for as-grown WSe~2~ were taken with the identical lens settings, so as not to alter the calibration of the camera length and the lens aberrations. A polycrystalline Cu standard was used for the calibration. From the electron diffraction measurements and the subsequent comparison of lattice constants from each of the diffraction patterns, we find that \~1.54 ± 0.05% tensile strain was released from the as-grown WSe~2~ monolayer after SEMD. The strain value in the as-grown films is consistent with our previous study using similar growth conditions. Note that the diffraction pattern of an as-exfoliated WSe~2~ monolayer is also shown in fig. S5. Here, the calculated lattice constant value from the exfoliated sample matches that of substrate-decoupled WSe~2~, verifying the complete release of built-in strain after the SEMD process.

While the development of a detailed understanding of the process awaits further study, we propose the following model as a guide to understand the experimental results. First, assume that the experimentally observed intrinsic biaxial tensile strain from growth is stabilized by the friction-induced resistance to sliding of the monolayer on the substrate. There might be, of course, local pinning sites that more strongly couple the film and substrate, and these would change the details of the strain relief process, but friction will still play a role. Typically, one expects that the friction force is proportional to the contact force between the film and substrate and that a reduced contact force would allow for the relaxation of the strain present in the as-grown monolayer. The geometry of a free-standing thin film with a droplet placed on it has been the subject of some studies ([@R31]--[@R34]). In the mechanism considered here, the interaction of the film with the substrate and the imposed biaxial strain in the film must be considered. [Figure 1I](#F1){ref-type="fig"} illustrates the structure of the droplet as it evaporates, and it shows forces acting on the system near the triple point (junction of liquid, air, and WSe~2~). For the process, the interfacial energy of the liquid/air junction (γ~liq/air~), the interfacial energy of the liquid/WSe~2~ ($\gamma_{\text{liq}/W\text{Se}_{2}}$), the stress in the WSe~2~ monolayer itself ($\gamma_{W\text{Se}_{2}}$), and the attractive force between the substrate and the WSe~2~ are considered. The resulting forces can be balanced only if the monolayer is slightly raised from the substrate at the triple point, as shown in [Fig. 1I](#F1){ref-type="fig"}, and it is hypothesized that this reduces the contact force between the film and the substrate. This reduction in friction would enable the local strain relief of the monolayer, as the distortion of the film is expected to be localized to the region of the triple point. It is expected that once the triple point has passed a region, the film re-adheres to the substrate. Therefore, for larger films, one pass of the triple point may be insufficient to completely relax the strain, and multiple passes may be required.

We also investigated the effect of solvent evaporation on exfoliated WSe~2~ monolayer samples, which are mechanically relaxed as processed. As shown in fig. S6, we used different WSe~2~ crystals from three different vendors and found that the process has no significant effect on the exfoliated monolayers. Specifically, we observed minimal change in the emission intensity and peak position. The substrate-decoupled monolayers are also stable after acetone evaporation. As shown in fig. S7, the PL characteristic is stable after rinsing with various solvents, under vacuum, and over time in a humid condition. The results show that acetone does not chemically modify the monolayers and does not by itself affect the recombination processes. Instead, acetone evaporation induces surface tension--mediated decoupling of the monolayer.

In parallel, optimized growth conditions are important for obtaining high PL QY. We find the role of the growth promoter particularly critical. In our case, a halide-based promoter was found to be essential to obtain WSe~2~ with grain sizes on the order of 100 μm, as well as continuous films. Previous studies have shown that halide-based salts result in the formation of volatile tungsten-based halide species due to a chemical reaction between the tungsten oxide precursor and the alkali metal halides ([@R35], [@R36]). We highlighted the role of the halide promoter (KBr for this work) on the PL QY of the monolayer films in [Fig. 2A](#F2){ref-type="fig"} by varying the KBr-to-WO~3~ precursor weight ratio. For the explored range, no significant effect is observed on the PL QY as a function of KBr content for as-grown monolayers. By decoupling the monolayers, the intrinsic properties of the material can be assessed, following which, the strong effect of KBr weight ratio on the PL QY is observed ([Fig. 2A](#F2){ref-type="fig"}). We find that in the case of higher promoter weight ratio (2:1, KBr:WO~3~), the overall average PL QY after SEMD is one order of magnitude lower than that of samples grown with lower KBr amount (1:2; KBr:WO~3~), while there was no WSe~2~ growth if the promoter weight ratio was further reduced to 1:4, KBr:WO~3~. Subsequently, all characterizations are performed on samples prepared with 1:2, KBr:WO~3~.

![PL of synthetic WSe~2~ monolayer with optimized growth conditions after SEMD.\
(**A**) Box and whisker plot showing the PL QY of synthetic WSe~2~ grown using varying promoter weight ratios both before and after the SEMD process. Error bars indicate SD of PL QY obtained from 10 different locations on the samples from the same growth. Histogram showing the (**B**) PL QY and (**C**) PL peak position of as-grown WSe~2~ monolayers before and after the SEMD process and exfoliated WSe~2~ monolayers. PL QY of as-exfoliated samples prepared from bulk crystals provided by three different vendors is shown in fig. S6.](aau4728-F2){#F2}

[Figure 2](#F2){ref-type="fig"} (B and C) depicts the histograms of the low-pump (2 W cm^−2^) PL QY and the emission peak position, respectively, for exfoliated WSe~2~ monolayers and WSe~2~ monolayers grown using optimized growth condition, before and after SEMD. We observed no statistically significant difference for the emission peak position of the monolayer after SEMD and exfoliated WSe~2~ monolayers. On the other hand, the as-grown samples consistently show an \~80-meV red shift due to tensile strain, which is consistent with the previous report ([@R17]). The PL QY of as-grown WSe~2~ (1.4%) is slightly lower than that of exfoliated samples (3.1%). The grown monolayers after SEMD on the other hand show an average PL QY of 31.2%, with the highest observed value of 60%. This represents the highest PL QY reported in WSe~2~ prepared by any method.

The reduction in PL when the sample is strongly coupled to the substrate may be attributed to a number of factors. As shown in [Fig. 1H](#F1){ref-type="fig"}, TMDCs grown via the CVD method have intrinsic strain owing to the thermal expansion mismatch between the substrate and the material at the high growth temperature ([@R17], [@R26], [@R27]). This intrinsic strain results in modification of the band structure, which could affect its recombination dynamics. Theoretical calculations of band structure as a function of strain show that high biaxial tensile strain in the WSe~2~ monolayer leads to indirect bandgap transition ([@R37]). Therefore, the band structure modification from intrinsic biaxial tensile strain can possibly reduce the PL of the as-grown WSe~2~ monolayer. However, it is important to note that the exact band structure of TMDCs is yet to be understood. In addition to the impact of band structure change, the quenched PL in the as-grown samples could be a result of the close coupling to the surface roughness of fused silica or electronic coupling between the semiconductor and the substrate ([@R38]).

The dependence of the PL QY as a function of the excitation intensity (i.e., generation rate) is shown in [Fig. 3A](#F3){ref-type="fig"} for an exfoliated monolayer and a CVD monolayer before and after SEMD. The data depict the dramatic enhancement of PL QY on the SEMD process at the generation rates spanning six orders of magnitudes. The QY exhibits a sublinear excitation pump power dependence with a peak value of 60% at the low generation rates, followed by a drop at high generation rates (\>\~10^18^ cm^−2^ s^−1^). The recombination kinetics of the TMDCs have been studied previously on as-exfoliated and TFSI-treated TMDCs ([@R6], [@R39]). The sublinear behavior of QY at high excitation levels has been attributed to a biexcitonic nonradiative recombination process and can be modeled as$$\text{QY} = \frac{\tau_{r}^{- 1}\langle\mathit{N}\rangle}{\tau_{r}^{- 1}\langle\mathit{N}\rangle + \mathit{B}_{\text{nr}}\mathit{n}^{2} + \mathit{C}_{\text{bx}}{\langle\mathit{N}\rangle}^{2}}$$where τ~r~, 〈*N*〉, *B*~nr~, *C*~bx~, and *n* are the radiative lifetime, exciton concentration, defect-mediated nonradiative recombination rate, biexcitonic recombination coefficient, and optically generated electron concentration, respectively. For our synthetic WSe~2~ monolayers after SEMD, we find that *B*~nr~ = 10^4^ cm^2^ s^−1^ and *C*~bx~ = 0.05 cm^2^ s^−1^. In particular, this *C*~bx~ value is more than 50 times lower than that of TFSI-treated MoS~2~ monolayer with near-unity PL QY ([@R5]). The low *C*~bx~ value of WSe~2~ is attractive, as it determines the onset of the generation rate at which the QY drop takes place, thus ultimately affecting the QY at high pump power. For light-emitting devices, the QY at high pump power is the figure of merit for projecting the efficiency, as the device is operated at high charge injection levels to achieve high brightness. We obtain a PL QY of \~12% at the high pump power of 120 W cm^−2^, which corresponds to a generation rate of 3.5 × 10^19^ cm^−2^ s^−1^. Notably, this is the highest reported PL QY at this high injection regime for TMDCs and is 20 times higher than that of TFSI-treated MoS~2~ monolayer with near-unity low pump power PL QY ([@R5]). This presents an important advantage of WSe~2~ over MoS~2~ for light-emitting devices, as high current density operations can be envisioned ([@R24]).

![Optical characterization.\
(**A**) Pump power dependence, (**B**) TRPL decay, and (**C**) absorption spectra of as-grown, substrate-decoupled, and as-exfoliated WSe~2~ monolayers. Dashed line in generation rate--dependent PL QY curve is used to fit the recombination model described in [Eq. 1](#E1){ref-type="disp-formula"}. Dashed lines in TRPL decay show the fit to the dynamic model using parameters extracted from the steady-state experiment. Additional TRPL decay curves are shown in fig. S8.](aau4728-F3){#F3}

Time-resolved photoluminescence (TRPL) measurements are shown in [Fig. 3B](#F3){ref-type="fig"} and fig. S8. The extracted lifetime values are consistent with the PL QY measurement shown in [Fig. 3A](#F3){ref-type="fig"}. In particular, for grown WSe~2~ monolayers after SEMD, we observe a lifetime of 4.1 ns, while exfoliated and as-grown samples show lifetimes of 1 or sub-1 ns, respectively. In addition, we performed absorption measurements on as-exfoliated and as-grown samples and after SEMD, as shown in [Fig. 3C](#F3){ref-type="fig"}. Consistent with previous results, we observe a shift in the A and B exciton resonances for the as-grown samples with the biaxial tensile strain, while no measurable shift is measured in the C exciton resonance ([@R17], [@R40]), which is consistent with previous report on bending experiments ([@R29]). However, it should be noted that the strain was uniaxial for those experiments.

Last, we show the scalability of the growth and SEMD process by demonstrating a centimeter-scale WSe~2~ monolayer film with bright PL. The growth conditions of the centimeter-scale monolayer films are specified in Materials and Methods. [Figure 4](#F4){ref-type="fig"} (A and B) gives representative optical microscopic images of a single-crystalline WSe~2~ domain with short growth time of 20 min and monolayer film samples with longer growth time of 45 min, respectively, on fused silica. [Figure 4C](#F4){ref-type="fig"} is a representative photograph of fused silica substrate after monolayer film growth. The monolayer film samples were excited by a blue LED with an incident power density of 0.2 W cm^−2^, as illustrated in [Fig. 4D](#F4){ref-type="fig"}. Using this excitation method, microscopic PL images of the WSe~2~ monolayer film before and after SEMD were captured with a charge-coupled device (CCD) and are shown in [Fig. 4](#F4){ref-type="fig"} (E and F). The microscopic PL image shows uniformly bright PL after SEMD. Furthermore, macroscale PL imaging was performed using a commercial complementary metal-oxide semiconductor (CMOS) camera, with the cold filter removed before and after SEMD of the as-grown monolayer film. While the emission of the as-grown WSe~2~ monolayer cannot be observed in this measurement configuration because of its low PL QY ([Fig. 4G](#F4){ref-type="fig"}), the sample after SEMD results in a very strong emission from the monolayer film, as shown in [Fig. 4H](#F4){ref-type="fig"}.

![Large-scale synthetic WSe~2~ monolayer film with high PL QY.\
Optical microscopic images of (**A**) single-crystalline monolayer WSe~2~ and (**B**) monolayer WSe~2~ film grown on fused silica. (**C**) Photographic image of a centimeter-scale WSe~2~ film sample on fused silica. (**D**) Schematic illustration describing the macroscale PL imaging of a centimeter-scale monolayer WSe~2~ film on fused silica. High-magnification PL images of (**E**) as-grown and (**F**) post--SEMD process monolayer WSe~2~ films. Note that the images were taken using a 1.65-eV bandpass filter that blocks the emission from the as-grown monolayer and plotted on a logarithmic scale. Macroscale PL images of a centimeter-scale grown WSe~2~ film (**G**) before and (**H**) after the SEMD process. The images were taken using a commercial CMOS camera with the cold filter removed and a long-pass filter to block the excitation signal, and the power density was 0.2 W cm^−2^.](aau4728-F4){#F4}

CONCLUSIONS
===========

In summary, we demonstrate a pathway to achieve scalable WSe~2~ monolayers with high PL QY for optoelectronic applications. Upon achieving the high-quality growth conditions via promoter ratio tuning, we find that the key requirement for probing the intrinsic optical property of the synthetic material is to decouple as-grown material from the substrate. We achieved this decoupling via the SEMD process. The effect of SEMD on monolayers is characterized by electron diffraction, absorption, and PL spectroscopy. As a result, we observe a PL QY of \~60% in synthetic WSe~2~ monolayers, which is the highest reported value for grown TMDC monolayers and is also higher than that for mechanically exfoliated WSe~2~ monolayers by an order of magnitude. The results demonstrate that, through proper material processing, TMDC monolayers with high optoelectronic quality can be obtained by direct growth over large areas.

MATERIALS AND METHODS
=====================

WSe~2~ growth and transfer
--------------------------

The WSe~2~ monolayers used in this work resemble the growth process described in detail in a previous report ([@R17]). However, further optimizations were made, and the WSe~2~ monolayers were grown predominantly with two conditions. One growth condition was to produce single-crystalline domains ranging from 10 to 100 μm, and another growth condition was used to produce centimeter-scale monolayer WSe~2~ films. Both growth processes were performed via low-pressure (\~3 Torr) CVD, with presence of Ar/H~2~ as the carrier gas. All WSe~2~ monolayers studied in the main text were grown on a quartz substrate, except for fig. S3 (on a sapphire substrate). The substrates were previously cleaned by 10 min of sonication in acetone and isopropyl alcohol. The cleaned substrates were loaded into the downstream of the furnace. For the microscale WSe~2~ samples, a ceramic boat containing a mixture of KBr and WO~3~ at the weight ratio of 1:2 was placed next to the substrates, with KBr as the promoter similar to the process described in ([@R35]). This promoter-to-precursor weight ratio between KBr and WO~3~ was tuned to optimize the growth. The used weight ratios in the manuscript were 1:2, 1:1, and 2:1. After placing another ceramic boat with Se at the upstream, the heating zones were ramped up to temperatures of 850° and 130°C, respectively, and the synthesis began with presence of H~2~. The growth was performed for 20 min upon the introduction of H~2~. For the WSe~2~ monolayer film, a ceramic boat containing a mixture of KBr and WO~3~ at the weight ratio of 1:1 was used, and the growth was done for 45 min instead of 20 min.

Optical characterization
------------------------

For steady-state and transient optical characterization and calibration, the same instruments and procedures were used here as our previous study ([@R25]). As an excitation source, an Ar^+^ laser (Lexel 95) with a 514.5-nm line was used in steady-state PL, and the power density was adjusted by neutral density filters and was simultaneously monitored by a photodiode power sensor (ThorLabs S120C). It should be noted that the ratio of laser power on the diode to incident power onto the sample was 50 so that the low laser power can be accurately measured. A 50× MD Plan (Olympus) objective lens (numerical aperture, 0.55) was used for all measurements. A Si CCD detector (Andor iDus BEX2-DD) on a spectrometer (*f* = 340 mm) with a grating of 150 g/mm was used to collect the steady-state PL spectra, and the dark background of the CCD was measured and subtracted each time from the acquired signal. Calibration for the external sample PL efficiency was performed using the wavelength-dependent instrument function and the collection efficiency of the instrument, which was previously described in our work ([@R5]). The absolute internal PL QY was extracted from the measured external quantum efficiency using the quantitative absorption at the pump wavelength and by the fraction of light within an escape cone (1/4*n*^2^, where *n* is the refractive index of the medium). Time-resolved measurements were performed with a 514.5-nm line source (2-nm bandwidth, 20- to 30-ps pulse duration) selected from a supercontinuum laser (Fianium WhiteLase SC-400) using a double monochromator. The signal was subsequently detected using a single-photon counting avalanche photodiode (ID Quantique) with a time-correlated single-photon counting module (Becker-Hickl GmbH). In situ PL imaging was performed using the 514.5-nm Ar^+^ laser, with a diffuser as an excitation source. A fluorescence microscopy setup with a 470-nm LED as an excitation source was used for the centimeter-scale film imaging, and the images were acquired using a commercial camera with 58-mm lens (*f*/5.6) after removing a cold filter where the excitation power density on the sample plane was \~0.2 W cm^−2^. A 550-nm colored glass long-pass filter was used to block the excitation signal for PL imaging and PL spectroscopy measurements.

Transmission electron microscopy
--------------------------------

Diffraction data were collected on an FEI Titan at 300 keV. All images, including diffraction from a polycrystalline Cu standard, were collected with the same microscope alignments. To correct for small amounts of ellipticity in the diffraction patterns due to microscope aberrations, peak positions were identified in the Cu diffraction data. A correction matrix was calculated from the elliptical fit to the points. The correction matrix was then used to determine a corrected set of image coordinates. Resampling the images according to the corrected coordinates yielded corrected images. After calculating and applying the correction to the Cu standard, the same procedure was carried out on the WSe~2~ diffraction patterns.
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======================
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Fig. S1. PL imaging during the SEMD process.

Fig. S2. In situ effect of solvent immersion on the grown WSe~2~ monolayer.

Fig. S3. Effect of the SEMD process on the WSe~2~ monolayer grown on sapphire.

Fig. S4. Different solvents on the SEMD of the as-grown WSe~2~ monolayer.

Fig. S5. TEM diffraction patterns of the WSe~2~ monolayer.

Fig. S6. Effect of solvent evaporation process on the exfoliated WSe~2~ monolayer.

Fig. S7. Stability of the grown WSe~2~ monolayer after the SEMD process.

Fig. S8. Radiative decay curve for different WSe~2~ monolayer samples.
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